Autophagy is a highly conserved catabolic process with critical functions in maintenance of cellular homeostasis under normal growth conditions and in preservation of cell viability under stress. The role of autophagy in cancer is dual-sided. Autophagy-deficient cells are often more tumorigenic than their wild type counterparts in association with DNA damage accumulation, oxidative stress. At the same time, autophagy is a major cell survival mechanism. In recent years, it has been well demonstrated that autophagy may have relation with renal cell carcinoma (RCC). This review focuses on the research progress in relation between autophagy and RCC and the pharmacologic manipulation of autophagy for RCC treatment.
Introduction
Autophagy is a highly conserved metabolic process in eukaryotic cells and plays an important role in maintaining the viability of cells in a stable or stressed state [1, 2] . Substrate to be degraded in cells are packed with double membrane autophagosomes and transported to lysosomes for degradation and recycling [3] . Autophagy mainly occurs under the conditions of hypoxia, immune injury, stress and nutrient deficiency [4] , which is considered as a defense mechanism of cells against adverse environmental stimuli [5] . Studies have shown that autophagy is involved in the pathologic process of various diseases, such as tumor [6] , neurodegenerative disease [7] , cardiovascular disease [8] , infection and immune deficiency [9] . In recent years, many researches have studied the correlation between autophagy and renal cancer. However, the role of autophagy in the pathogenesis of renal cancer and the exact mechanism of its action are not clear.
Renal cell carcinoma (RCC) is the most common malignancy in renal neoplasia and clear cell renal cell carcinoma (ccRCC) is the most common subtype [10, 11] . Progress has been achieved with regard to the pathogenesis and therapy of RCC; however, its incidence continues to rise. Many suffered patients will experience metastasis or local recurrence. It has been reported that autophagy is a potential cell survival mechanism in metastatic RCC cells and autophagy inhibition could create synergistic cytotoxicity when combined with mTOR inhibitors in ccRCC [12, 13] . Autophagic gene polymorphisms are associated with progression-free survival (PFS) of ccRCC patients treated with pazopanib [14] . This led us to speculate that the regulation and function of autophagy is likely connected to maintenance of homeostasis of renal cancer cells, disease pathogenesis, and targeting therapy resistance. But the role of autophagy in renal cancer remains elusive. In this review, we have fully identified the studies in PubMed/MEDLINE and the Web of Science which were focusing on the effect and mechanism of autophagy on renal cancer, especially on the renal cell carcinoma. We have highlighted the autophagy related signaling pathways and autophagy related drugs in renal cancer in this review. Exploring the delicate mechanisms and regulation of autophagy in
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Autophagy and its regulatory mechanisms
Autophagy has been observed by researchers for more than 40 years and is considered to be a non-specific process of degradation of large intracellular materials [15] . Subsequent studies have found a close relationship between autophagy and cellular stress response. It is now widely believed that autophagy plays a key role in many aspects, including cell quality control, tissue homeostasis and energy supply [16] . In recent years, a variety of key molecules have been found to be involved in the formation of autophagosomes. This process is highly evolutionary conservative in yeast and humans. A series of autophagy related genes (ATGs) in yeast were found and their mammalian homologues were also found [17] .
At present, it is found that the following four functional units are involved in the regulation of autophagy process: a. The ATG1/unc-51-like kinase (ULK) complex contains ATG13 and FIP200 [18] ; b. Vps34, III phosphatidyl inositol 3 kinase (PI3K) and ATG6/Beclin1 compounds [18] ; c. Two ubiquitin-like proteins, microtubule-associated proteins 1 light chain 3 (LC3) and ATG12. LC3 is embedded in the inner and outer membranes of autophagosomes [19] . ATG12 and ATG5 are conjugated and interact with ATG16L, and participate in the lipidation of LC3 [20] ; d. Transmembrane protein ATG9 and VMP1. The specific role of ATG9 in autophagy is unclear. The interaction between VMP1 and Beclin1 is necessary for autophagy. Overexpression of VMP1 can induce autophagy [21] .
The canonical autophagy processes involves following three steps. a. Initiation of the isolation membrane. Under starvation, ATG1/ULK1 is localized on the initial membrane and forms a complex with ATG13 and FIP200 [22] [23] [24] . The ULK1 complex recruits the VPS34/Beclin1 complex and increases VPS34 activity, thereby promoting PI3P production [25] . PI3P aggregates on the endoplasmic reticulum membrane and promotes growth of autophagosome membranes [26] . b. Elongation and closure of the autophagosome membrane. The protein LC3 is cleaved by ATG4 protease to generate cytosolic LC3 (LC3-I) [27, 28] . LC3-I can bind to phosphatidylethanolamine to form LC3-II (LC3-PE) on the membrane of the autophagosome [28] , which is regulated by the conjugation system ATG5-ATG12 [29] and the modification of ATG5 by ATG12 is essential for the elongation of the isolation membrane [30] . The abnormal intracellular proteins, excess or damaged organelles are surrounded by the initial membrane that will form a autophagosome with double layer membranes. c. Autolysosome formation. The autophagosome containing cytoplasmic components moves to the lysosome [31] . The outer autophagosome membrane fuses with the lysosomal membrane to form an autolysosome, resulting in transporting its cargo into the lysosomal cavity. This fusion process is mediated by the small GTPase Rab7 and SNARE [32, 33] . The newly formed autolysosomes eventually degrade the autophagosome-delivered contents and its inner membrane by lysosome's hydrolases [34] .
Under normal circumstances, the autophagy process in cells is at a low level, but it is necessary to maintain basic cellular activities, such as protein and organelle quality control. Certain stress states induce autophagy. Deficiency of nutrients is a typical activation factor of autophagy, which is mainly triggered by the mammalian target of rapamycin (mTOR), especially the signal pathway of mTOR complex 1 (mTORC1). When nutrients are sufficient, mTOR binds and phosphorylates the ULK1 complex, reducing its kinase activity, thereby inhibiting the autophagy initiation process [35] . Conversely, when nutrients are scarce, ULK1 is activated, promoting the initiation of autophagy. ULK1 can also be activated by AMP-activated protein kinase (AMPK) in the low-energy state (up-regulation of AMP/ATP) with the inhibition of mTORC1 and promotion of autophagy [36] . Initiation of autophagy is also activated by phosphatidylinositol 3-phosphate (PI3P), a product of the action of type III PI3K and Vps34. Downstream proteins of the Vps34 and ULK1 complexes, two pairs of conjugated complexes, ATG5-ATG12 and LC3-PE (LC3II), are involved in the autophagosomal membrane extension process. Other autophagy activation factors include anti-tumor therapy, reactive oxygen species (ROS), endoplasmic reticulum stress, and unfolded protein response (UPR) [21] . The detailed autophagy processes are depicted in Fig. 1. 
Autophagy in tumors
The researchers found that the loss of the autophagy regulator Beclin1 (BECN1) was found in breast, ovarian, and prostate cancer cells, suggesting that autophagy has an inhibitory effect on tumor formation [37] . Liang et al [38] found that after the BECN1 protein was re-expressed in breast cancer cell lines, autophagy recovered and tumorigenesis was inhibited. Loss of other autophagy-related regulators also tends to promote tumorigenesis: ATG4C -/-mice exhibit high sensitivity to fibrosarcoma induced by chemical carcinogens [39] ; The UVRAG-binding protein BIF1 is a positive regulator of autophagy that interacts with BECN1 and its complete deletion results in spontaneous tumorigenesis in mice [40] ; ATG5 -/-immortalized neonatal mouse kidney cells (iBMK) and BECN1 +/-immortalized mouse mammary epithelial cells (iMMECs), which are deficient in autophagy, are more likely to form tumors in nude mice than autophagy-complete cells [41] ; Systemic mosaic deletion of ATG5 and liver-specific deletion of ATG7 can lead to hepatic benign adenoma in autophagy-defective hepatocytes [42] .
Studies on the genetic phenotype of autophagy in mice suggest that intact functional autophagy is essential for the maintenance of cell survival and cell homeostasis. Degenhardt et al [43] found that autophagic defects impair the viability of apoptosis-deficient mouse cells in the absence of growth factors and in metabolic stress state. This result has a great correlation with tumors because tumors often exhibit high metabolic demands when activated by oncogenes. The fact that the cells in the hypoxic region of the tumor show higher autophagy level also supports the above assertion [42] . Some researchers believe that autophagy plays an important role in the survival of tumor cells in the treatment of tumor radiotherapy and chemotherapy, and inhibition of autophagy improves the sensitivity of tumors to treatment [44] .
In a word, autophagy plays an important role in maintaining cell survival and homeostasis. Its role in tumorigenesis may be bidirectional: on the one hand, autophagy can reduce the pressure of oxidative stress, degrade mutated and damaged DNA and protein, and play a tumor suppressing role; on the other hand, autophagy can relieve various pressures, such as oxidative stress, damaged DNA and protein 
Autophagy associated signaling pathways in renal cancer

Autophagy-related PI3K/AKT/mTOR pathway
Many factors (Table 1) are involved in the regulation of autophagy in renal cancer. The continuously activated PI3K/AKT/mTOR signaling axis is a typical survival mechanism for human tumor cells [45] . Many cases, such as tumor suppressor gene of phosphatase and tensin homolog (PTEN) and tuberous sclerosis complex (TSC) 1 and TSC2 deletions, type I PI3K mutations, AKT overexpression, sustained activation of tyrosine kinase growth factor receptors and so on, will lead to the abnormal activation of this signaling pathway and ultimately inhibit the autophagy process [46] . Activation of the PI3K/AKT/mTOR axis not only inhibits autophagy but also promotes protein translation and cell proliferation. Inhibiting the PI3K signaling axis will have an adverse effect on rapidly proliferating tumor cells, thereby inhibiting tumor growth. Sourbier et al [47] found that the increased phosphorylation of AKT at S473 and T308 increased the expression of AKT in 7 types of renal cancer cell lines (786-O, UOK-126, UOK-128, A498, ACHN, Caki-1, and Caki-2), whereas the expression of AKT was positively correlated with the expression of PI3K and inversely correlated with the expression of PTEN. To confirm whether the PI3K/AKT pathway is involved in renal tumor cell proliferation, the team treated the 786-O and Caki-1 cell lines with the specific PI3K inhibitor LY294002 and found that the number of cell deaths was significantly increased compared to the control group, and the difference was statistically significant (P<0.05). Seo et al [48] found that co-treatment with PP242 (inhibitor of mTORC1 and mTORC2) and curcumin induced the downregulation of the Rictor (an mTORC2 complex protein) and AKT protein levels, which led to lysosomal damage and induced autophagy in renal carcinoma cells. The authors believe that this results reveal that combined PP242 and curcumin treatment could induce autophagy-mediated cell death in renal cancer. 
Autophagy-associated p53 protein and renal cancer
The tumor suppressor p53 is an important checkpoint protein in mammalian cells [49] . It is activated under conditions of genetic stress such as DNA damage, hypoxia, and oncogene activation. In these cases, p53 can transactivate autophagy-inducing genes and inhibit mTOR through AMPK and TSC1/TSC2 dependent pathways to promote autophagy [50] . p53 can also act directly on the target of damage-regulated autophagy modulator (DRAM) to induce autophagy [51] . However, some studies have found that removal of p53 in the cytoplasm via gene or drug pathways can induce autophagy, indicating that extranuclear p53 is an effective inhibitor of autophagy [52] . However, it is still unclear in which environment p53 activates autophagy by which molecular pathway to inhibit tumor cell growth. In recent years, two large sample clinical studies have found the overexpression of p53 in renal cell carcinoma tissues (36%, n=97; 29.5%, n=297) [53, 54] suggesting that p53 is involved in the development of renal cell carcinoma (RCC). But a study found that RCC cells can survive and grow by inactivating p53 through TGase-2 mediated autophagy, which supplies recycled amino acids and bases under condition of starvation [55] . It is surprising that p53 levels are suppressed in RCC, although only 2.7% of RCC samples have p53 alterations in cBioPortal database. Warburton et al [56] showed that after UV irradiation of three renal cell carcinoma cell lines (ACHN, Caki-2, A498) to mediate DNA damage, the transcriptional activity of p53 was 1.4-fold, 2-fold, and 8-fold compared to control groups, respectively. The increase in transcriptional activity is positively correlated with the dose of UV, which suggests that p53 plays a role in repairing DNA damage and maintaining cell growth. The above studies provide some inspirations for us to improve the efficacy of certain drugs on renal tumors by inhibiting p53, and this effect may play a role in inhibiting the autophagic process induced by p53. 
LC3B-dependent autophagy pathway
LC3B is a yeast autophagy-related protein ATG8 homolog in mammalian cells [57] . Its C-terminal glycine is bound to phosphatidylethanolamine (PE) to form lipidated LC3 (LC3-II). LC3-II is embedded in the autophagosome membrane and participates in the elongation of the autophagosome membrane [58] . Mikhaylova et al [59] found that LC3B-dependent autophagy is essential for the growth of renal cell carcinoma. They injected LC3B shRNA lentiviral particles into subcutaneous renal cancer cell 786-O tumors in nude mice and found that the tumor volume was significantly smaller at 9 days than in the control group (P=0.0007). Then 786-O cells stably expressing LC3B shRNA were injected into the renal capsule of the nude mice. After 4 weeks, the mass of the tumor was also significantly lower than that of the control group (P<0.05). Similar results were also found in the other kidney cancer cell line, A498, indicating that LC3B-mediated autophagy is essential for the growth of renal cell carcinoma in nude mice. The team used quantitative immunoblotting to measure the expression level of LC3B in human clear cell renal cell carcinoma (ccRCC) tissue and normal kidney tissue and found that its expression level was positively correlated with tumor stage (P<0.05). But another group found that both mRNA and protein levels of LC3 were significantly decreased in ccRCC compared with paired adjacent tissue [60] . They also found that a low level of LC3-II was associated with poor prognosis in ccRCC, indicating that autophagy might be suppressed and associated with progression in ccRCC.
MAP1S activated autophagy pathway
MAP1S
is a member of the cell microtubule-associated protein family 1, which interacts with LC3 and is a positive regulator of autophagy [61] . Loss of MAP1S leads to autophagy defects, which can cause mitochondrial dysfunction and affect cell growth. At the same time, MAP1S was found to be an important survival-related gene in cancer patients [62] . Hepatocellular carcinoma in MAP1S-deficient mice has a greater tendency to metastasize [63] . Low expression of MAP1S in human prostate cancer will reduce the average survival time of patients [64] . Based on this, we believe that MAP1S-mediated autophagy may be associated with tumor metastasis and patient prognosis. ccRCC is the most common type of human renal cell carcinoma. Xu et al [65] found that the expression level of MAP1S in the four ccRCC cell lines (786-O, RCC4, A498, Caki-1) was significantly lower than that of the human normal renal cell line (HK-2), whereas the expression level of MAP1S in the tumor specimens of 76 ccRCC patients was also significantly lower than that in the normal tissue adjacent to the cancer. The cumulative survival time of patients with high expression of MAP1S was significantly higher than that of patients with low expression (P<0.01) by plotting Kaplan-Meier curves of ccRCC patients. The above studies indicate that MAP1S-mediated autophagy was associated with the development and prognosis of ccRCC. High levels of MAP1S activate autophagy, reduce cellular genome instability, attenuate the invasiveness of ccRCC, and increase patients' survival time.
Autophagy related KEAP1/NRF2 pathway
The transcription factor NF-E2-associated factor 2 (NRF2) activates the transcription of many antioxidant target genes, and Kelch-like epichlorohydrin-associated protein 1 (KEAP1) is its inhibitor. KEAP1 can "lock" NRF2 in the cytoplasm and promote its degradation [66] . This pathway plays an important role in both acute and chronic renal injury as well as in renal tumors [67, 68] . Studies have shown that the succinylation of KEAP1 was increased with decreased NRF2 degradation, which activated HMOX1 and other stress response genes to promote tumor cell survival in the fumarate hydratase (FH) deficient type II papillary renal cell carcinoma [69] . Fabrizio et al [70] found that the expression level of KEAP1 gene was decreased after promoter methylation, which increased the expression of NRF2 and played an important role in ccRCC. P62, a substrate protein of autophagy, is a key agonist of NRF2 [71] . In autophagy-defective cells, P62 degradation was decreased. When P62 competitively bound KEAP1, NRF2 was released and entered into the nucleus to activate transcription of downstream target genes and promote tumor cell survival [72] .
TRPM3-dependent autophagy pathway
Transient receptor potential melastatin 3 (TRPM3) is specifically present in ccRCC cells and regulates calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2) and autophagy by modulating calcium flux [73] . This pathway is associated with known autophagy regulatory networks such as AMP-activated protein kinase (AMPK) and unc-51 like autophagy activating kinase 1 (ULK1). In addition, TRPM3 regulates autophagy through the action of zinc ion flux and miR-204 on autophagosome ligand LC3.
HOTTIP-dependent autophagy pathway
HOXA transcript at the distal tip (HOTTIP) is a long non-coding RNA that is upregulated in several human cancers [74] . A group found that HOTTIP expression was elevated in the RCC tissues and cell lines, and it was closely associated with prognosis of patients. HOTTIP can induce autophagy and affect proliferation, migration and invasion of RCC cell via autophagy dependent manner. And they further found that HOTTIP regulate autophagy through the PI3K/Akt/Atg13 signaling pathway [75] .
Application of autophagy-related drugs in renal carcinoma
Autophagy-promoting drugs in renal cancer
Several pharmaceutical agents targeting autophagy in renal cancer have been described (Table  2) . Sunitinib can effectively prolong the tumor-specific survival and overall survival of patients with advanced renal cell carcinoma [76] . Sunitinib is an oral oxindol, multitargeted tyrosine kinase inhibitor, which selectively inhibits vascular endothelial growth factor receptor 1 (VEGFR1), VEGFR2, VEGFR3, platelet-derived growth factor receptor (PDGFRα), PDGFRβ, stem-cell growth factor receptor, fms-related tyrosine kinase 3 (FLT3), RET and CSF1 receptor (CSF1R). Sunitinib can inhibit AKT/mTOR signaling pathway and cause autophagy of renal cancer cells, and its induced autophagy is associated with apoptosis [77] . The dual mTORC1/2 inhibitor AZD-2014 inhibits the survival and growth of renal cancer cells more significantly than rapamycin and everolimus. AZD-2014 disrupts the accumulation and activation of mTORC1/2 by down-regulating the expression of HIF-1α/2α and cyclinD1 in renal cancer cells, leading to autophagy-dependent apoptosis of RCC [78] .
Rasfonin is a alpha-pyrone metabolite that is isolated from fungi and has anti-cancer effects. Rasfonin-induced autophagy is associated with upregulation of AKT phosphorylation. Inhibition of AKT by small molecule inhibitors or genetic modifications can reduce rasfonin-dependent autophagic flux and PARP-1 cleavage. AKT promotes rasfonin-enhanced autophagy and caspase-dependent apoptosis by affecting the glycolytic pathway [79] .
Silybin is a flavonoid prophylactic anticancer drug that has anti-metastasis effects in the treatment of renal cancer. Silybin can increase the expression of LC3-II in RCC cells, induce intracellular autophagic flow, and increase the formation of intracellular autophagic vacuoles. It is also possible to induce autophagy by AMPK/mTOR pathway and to inhibit the migration and invasion of RCC cells by activating autophagy [80] . In the same time, autophagy has a positive role in silybin induced anti-metastatic effects. The activation of autophagy enhances the inhibition of migration and invasion of RCC cells induced by silybin, and its inhibitory effect is reduced when autophagy is inhibited [81] .
Sinomenine is extracted from Chinese medicinal plant Sinomenium acutum and can suppress several cancer cell growth [82] [83] [84] [85] . Sinomenine significantly regulated the level of autophagy-related proteins such as p62 protein and Beclin1. Furthermore, sinomenine enhanced autophagy through PI3K/AKT/mTOR pathway in RCC [86] .
Drugs that inhibit autophagy in renal cancer
Everolimus is a PI3K family protein kinase inhibitor for second-line treatment of RCC after sunitinib treatment failure. And it can inhibits mTOR, blocking a critical downstream effector of growth factor signaling. Although everolimus is safe and well tolerated, emerging drug resistance has been found [87] . Since inhibition of mTOR could induce autophagy, activation of autophagy may be a key mechanism for everolimus resistance. The in vitro studies demonstrated that everolimus and chloroquine synergistically inhibit the activity of RCC cells. The use of chloroquine and everolimus can effectively inhibit the autophagic flux and promote apoptosis, suggesting that combined use of targeted therapeutics can improve the therapeutic effect of renal cancer [88] . And an phase I/II trial of everolimus further validated that combining mTOR and autophagy inhibition could have >40% 6 month progression free survival (PFS) rate [13] .
CQ/HCQ disrupts the degradation of autophagic proteins and prevents the conversion of LC3B-I to LC3B-II and inhibits the formation of autophagosomes. A series of phase I and phase I/II trials examined the safety and initial efficacy in an HCQ-based anticancer therapy [90] [91] [92] [93] [94] [95] . Paflomeromycin A1 prevents the maturation of autophagosomes by inhibiting the fusion of autophagosomes and lysosomes. These inhibitors against different stages of autophagy can enhance the anti-renal cancer activity of sorafenib, suggesting that sorafenib-activated autophagy is a cancer-promoting factor that causes chemotherapy resistance. The use of chloroquine or hydroxychloroquine in combination with autophagy inhibitors has been used for the treatment of RCC [96] .
ROC-325 is an orally available novel inhibitor of autophagic degradation. Based on the RCC cell model, a research group found that ROC-325 treatment could lead to accumulation of autophagosomes and inhibit autophagic flux. The in vivo study revealed that ROC-325 treatment could significantly and dose-dependently reduce the RCC xenografts growth and the inhibitory effect was better than HCQ [97] .
Paclitaxel is a mitotic inhibitor and inducer of apoptosis, and its killing effect on FLCN-defective renal cancer cells is dependent on enhancing cell autophagy.
Inhibition of autophagy with 3-Methyladenine (3-MA) can increase paclitaxel-induced apoptosis of FLCN-defective renal cancer cells, suggesting that paclitaxel combined with autophagy inhibitors can improve the efficacy of chemotherapy for FLCN-defective renal tumors [98] .
Perspectives
The incidence of renal cancer is increasing year by year. Although surgical treatment is preferred, its long-term recurrence and metastasis rate is still high, and it is not sensitive to radiotherapy and chemotherapy. Therefore, postoperative adjuvant therapy with targeted drugs is necessary and can prevent the recurrence and metastasis of tumors, improve the postoperative survival rate and improve the quality of life. Autophagy is a hot issue in medical research in recent years. Its related studies have found a variety of new tumor pathogenesis mechanisms and promote the development of diagnosis and treatment of renal cancer. However, the theory of the intersection of renal cancer and autophagy needs more in-depth research and improvement.
